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Relationships between an organism and its environment are important in
understanding how species evolve. One way of looking at this relationship is by
examining what genes show evidence of positive selection. This study analyses the
changes on protein-coding genes in response to host adaptation. Drosophila mojavensis
is a cactophilic fly in that both larval and adult forms develop or feed in necrotic cactus.
Four populations of this species each specialize on a different cactus host species.
Illumina sequencing was performed on three populations and template assembled to the
reference genome of the fourth. Rates of protein evolution were determined for all loci
using a several approaches. Genes with evidence of positive selection were linked to the
functions of metabolic process, reproduction, and response to stimulus. Results of this
study give insight into host adaptation and the beginnings of speciation.
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CHAPTER I

INTRODUCTION

1.1 Purpose
Increasing availability of whole-genome sequencing data can allow new insight
into the complex relationship between an organism and its environment. Positive
selection, where an advantageous allele sweeps across the population, is one way that an
organism reacts to its environment. By looking at changes in the genetic code both at the
level of individual genes and at the whole-genome level it is possible to gain a better
understanding of how the members of a population are adapting to the pressures of their
environment and how this may eventually lead to speciation (Yang 2005; Drosophila 12
Genomes Consortium 2007; Bustamante et al. 2005).
The present study uses methods of detecting positive selection that are usually
reserved for studies of species that have been diverged for millions of years and use them
to find positive selection within recently diverged populations. This will help to evaluate
if these methods will still produce meaning full results with a small number of sequences
that have little divergence between them. As this study is unique in looking at genome
wide selection in the beginning stages of speciation this can help show what aspects of
the species are changing first on the path of divergence.
1

1.2 Natural Selection and Speciation
While it has long been accepted that natural selection is a primary driver of
change within species as a response to environmental pressures, how this selection plays
into speciation is unclear (Funk 1998; Wu and Ting 2004). More recently the idea of
ecological speciation, where various mechanisms work to prevent gene flow between
populations causing reproductive isolation and eventually speciation, has more directly
shown how selection may affect speciation (Rundle and Nosil 2005). Reproductive
isolation interrupts the gene flow between populations and may lead speciation (Feder et
al. 1994). When different populations of a species live or feed on different host species
this opens many possibilities for isolation. As the host species are likely to have differing
environmental pressures this can lead to obstacles of gene flow (Rundle and Nosil 2005).
Individual populations adapt to their own environmental pressures. Thus if members of
different populations try to utilize the alternative host they will be selected against as they
would experience low fitness compared to the native population. This introduces an
obstacle of gene flow between native and non-native species as the non-native
populations are less likely to survive on that host species. Hybrids between native and
non-native populations may have reduced fitness. Given enough time each host race
might develop into distinct, reproductively isolated specialist species. This link between
reproductive isolation and host adaptation has been experimentally shown in leaf beetles
(Funk 1998). The leaf beetle, Neochlamisus bebbianae, was used to investigate this
relationship between host adaptation and reproductive isolation. Different populations of
the leaf beetles that utilized different host plants where each given a choice between their
normal host and the foreign host. In both feeding and oviposition behavior the beetles
2

greatly preferred their native host plant. Larvae preformed significantly worse when
growing on the foreign host species. These host preferences create isolation between
populations as each prefers a different microenvironment and would not be likely to
interact heavily with members of the other population (Funk 1998). Similar findings
have also been demonstrated in pea aphids (Via and Hawthorne 2002).
Natural selection’s effect on increasing the fitness of the individual and possibly
leading to speciation has been well researched. However, the actual genetic and protein
level changes especially at the whole-genome level are not as well known. Studies that
have been conducted at a genome level tend to be done primarily on model organisms
with little known ecological information. Many are cosmopolitan species that make it
difficult to say what evolutionary forces have been driving selection in the long term
(Larracuente et al. 2008; Clark et al. 2003).
An established explanation of what causes genetic changes is based on the neutral
theory. It explains all genetic variation as caused by random genetic drift and not
positive selection (Kimura 1984). While this theory has long been used as a null model
of selection to test against it has long been challenged as evidence of the influence of
selection has steadied increased. With the availability of genomes growing there is now
evidence showing that positive selection appears to be affecting many more genes then
neutral theory allows. This leads away from a neutral view of variation to a view where
perhaps even the majority of variation maybe caused by selection (Hahn 2008).
Most modern methods of determining if a gene is under selection can be traced
back to the work of Masatoshi Nei and Takashi Gojobori (1986). Their method compares
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the number of non-synonymous sites with the number of synonymous sites. Synonymous
changes are mutations that do not lead to changes in the translated protein and are thus
silent. Non-synonymous changes are when a mutation affects the protein sequence. The
numbers of both synonymous and non-synonymous changes are compared to the number
of possible synonymous and non-synonymous sites. This calculation gives two values
called Ka and Ks with the ratio between Ka/Ks referred to as ω. If ω is greater than one,
relatively more nonsynonymous changes than synonymous, this points the gene being
under positive selection (Nei and Gojobori 1986). By themselves these methods have
little way of differentiating between positive selection and low levels of constraint. Ways
to overcome this limitation include using expression data to find nonfunctional genes and
using population genetic approaches to see if both polymorphisms as elevated as well as
fixation events. Tests such as this look to find genes that fall outside of the expectations
of the neutral theory (Kimura 1984).
1.3 Previous Research on Positive Selection
Until the mid-2000s most research into what genes might be under positive
selection was only able to look at a small number of genes. This meant that the overall
picture of which types of genes were possibly under positive selection was largely
unexplored. One early attempt at looking for positive selection over a large number of
genes examined approximately 3500 genes from sequence databases representing many
species (Endo et al. 1996). Using the Nei and Gojobori method (1986), ω was
determined for these genes to see what functional groups were possibly under positive
selection. Only 17 genes were found to have evidence of positive selection. While
several of the genes were quite diverse ranging from an egg-laying hormone in sea slugs
4

to neurotoxin in snakes, 9 out of the 17 genes were coding for surface proteins in viruses
or parasites. As viruses and parasites are in a constant evolutionary battle with immune
system of the host organism these surface proteins would be under constant selection
pressure leading them to be prime candidates for positive selection (Endo et al. 1996).
Disease causing organisms have often been used to look at positive selection including
type A human influenza virus and Plasmodium malaria parasites (Fitch et al. 1991;
Weedall et al. 2008).
As sequencing costs dropped it became feasible to sequence whole genomes
allowing detection of positive selection across all genes. Some early examples of this
were done by comparing the genomes of humans, mice, and chimpanzees (Bustamante et
al. 2005; Clark et al. 2003; Nielsen et al. 2005). These studies showed clear evidence of
positive selection both between humans, mice, and chimpanzees as well as between
human populations. Genes involved in the immune system, gamete development,
sensory perception, metabolism, cell motility, and genes involved with cancer where
found to have elevated numbers of genes under possible positive selection. Being able to
link positively selected genes to their function can help show why these mutations are
being selected for. When including mice as an outgroup, genes linked to sensory
perception especially olfaction showed the strongest signs of positive selection in humans
(Clark et al. 2003). A study without mice shows the genes with the strongest selection
functioning in defense systems (Nielsen et al. 2005). This difference illustrates one issue
with large genome-wide studies where a high level of divergence may overshadow the
fine grain changes that occur early on in adaptation. In this case, since humans and
chimpanzees likely have had similar ecological pressures relating to olfaction it is
5

unlikely that there would be as strong of evidence for positive selection compared to a
mouse which would have adapted to very different ecological conditions (Bustamante et
al. 2005; Clark et al. 2003; Nielsen et al. 2005). Another more recent study took
advantage of the greater availability of genome sequences and looked for positive
selection across a wider range of mammals including human, chimpanzee, macaque,
mouse, rat, and dog (Kosiol et al. 2008). Results similar to previous studies were found
with immunity, sensory perception, and defense being the main gene categories that were
found to be over-represented. These types of genes have clear evolutionary pressures
either helping the animal survived against disease or helping it to find food as well as
avoid toxins (Kosiol et al. 2008).
While studies in mammals showed clear trends in what gene groups showed the
most evidence for positive selection it was yet to be seen if these trends would carry over
to non-mammalian species. In 2007, a large project to sequence the genomes of ten
Drosophila species was completed (Drosophila 12 Genomes Consortium 2007). This in
addition to two already sequenced species (D. melanogaster and D. pseudoobscura)
created a large data set for researches to look for changes occurring between species of an
ecologically diverse and speciose genus. As part of this study, ω values were determined
for the six members of the melanogaster group (D. melanogaster, D. simulans, D.
yakuba, D. sechellia, D. erecta and D. ananassae). Eleven percent of Gene Ontology or
GO categories were found to be overrepresented in the number of genes possibly under
positive selection. Findings were relatively consistent with previously studies with genes
involving defense, sensory reception, and metabolism more likely to be under positive
selection (Bustamante et al. 2005; Clark et al. 2003; Kosiol et al. 2008; Nielsen et al.
6

2005). Genes encoding for detoxification proteins were found to be selected for possible
due to the varying toxins each species encounters in their respective natural resources.
These genes have also been linked to pesticide resistance in D. melanogaster (Tang and
Tu 1994). Some correlation was found in Drosophila, with increased likelihood of
positive selection and the gene being located on the X chromosome. In males this is the
hemizygous chromosome, which should increase the efficiency of selection on recessive
mutations in this chromosome (Drosophila 12 Genomes Consortium 2007). This
difference in evolutionary rate is thought to be associated with the reduced effective
population size of the X chromosome as well as the lack on recombination on this
chromosome in males (Singh and Petrov 2007).
To further understand some of the more basic factors that influence the selection
of genes researchers used the data set of the melanogaster group to help determine what
factors had positive partial or negative partial correlation to loci under positive selection.
Of factors considered in this study, only how narrowly a gene was expressed showed a
positive partial correlation to increased ω values. This is because genes that are
ubiquitous in expression are more constrained as mutations in these genes are more likely
to have deleterious impacts on fitness. As such, this causes positive selection to be less
likely in widely expressed gene. Purifying selection is also likely to be stronger in these
widely expressed genes due to each gene being more likely to have a number of
phenotypic traits (i.e. pleiotropy). Narrowly expressed genes however, are more likely to
only have one distinct function and therefore are easier for advantageous mutations to fix
without disrupting a gene’s other functions. The number of introns in a gene was found
to have negative partial correlation to ω values. This result may be explained by the
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presence of exonic splice site enhancers in genes with introns. These regions in the
sequence are needed for the correct removal of introns from the mRNA sequence after
transcription. As these sites are necessary for intron removal they are highly constrained
limiting positive selection. Essential genes in this study were found to have much
stronger purifying selection as mutations in these genes are more likely to have greater
effects on fitness. However, there is less of an impact on if a gene is under positive
selection though essential genes may be slower to fix advantageous mutations.
Recombination while having little effect directly on ω values does seem to increase the
effectiveness of both positive and purifying selection (Larracuente et al. 2008).
Studying the sequence level constraints as well as what functional gene groups are
more likely under positive selection is important. However, it is also important to not
lose sight of the ecological reasons as to why these mutations are being selected for.
With genome sequencing costs continuing to drop with the advent of next generation
sequencing technology it is possible to sequence the genomes of non-model species
where the ecology may be better understood. One study trying to make this link between
positive selection and local ecology looked at two species of sea urchins,
Strongylocentrotus purpuratus and Allocentrotus fragilis, have similar larval ecology but
the adult forms are widely different with S. purpuratus living in shallow water while A.
fragilis living in deep water (Oliver et al. 2010). This ecological difference was shown in
ω values with genes expressed in the adult form being overrepresented in the number of
genes with possible positive selection, while genes primarily expressed in the larval form
with similar ecology did not have as high ω values. Overrepresented functional gene
groups showed similar results to other studies especially with genes involving
8

metabolism. Genes involved with skeletal development were also found to be under
positive selection and this may directly relate to the differing environment conditions due
to the depth at which the two species are found (Oliver et al. 2010).
1.4 Background on Drosophila mojavensis
Exploration of the link between ecology and positive selection on the genomewide level will be examined in the present study using D. mojavensis, a fruit fly endemic
to the southwestern United States and northwestern Mexico. This species of Drosophila
is cactophilic in that both larval and adult forms reside and feed in necrotic cactus (Heed
1978). Drosophila mojavensis has four distinct host races that are geographically
separated (Figure 1.1). In addition to geographic separation each population lives on a
distinct cactus host species. The four populations are: Santa Catalina Island living on
prickly pear cactus (Opuntia littoralis), Mojave Desert living on barrel cactus
(Ferocactus cylindraceus), Baja California living on agria cactus (Stenocereus
gummosus), and Sonoran Desert living on organpipe cactus (S. thurberi). A sister species
D. arizonae is sympatric with the Sonoran D. mojavensis population while it is in
allopatry with the other populations, although it has recently colonized many parts of the
Baja California peninsula and southern California. The two sister species differ in that D.
mojavensis is a specialist, living on a specific cactus species, while D. arizonae is a
generalist where it lives on a number of necrotic cacti. These two species diverged
approximately half a million years ago (Matzkin 2008; Matzkin and Eanes 2003) with the
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Mojave

Catalina
Island

Sonoran
Baja California

Figure 1.1 Ranges of the four D. mojavensis populations. Modified from Matzkin 2013

divergence between D. mojavensis populations being more recent with the first
divergence happening between 230,000 and 270,000 years ago (Smith et al. 2012).
Differing host species provide different local environments for each D.
mojavensis host race. Necrotic cactus is a very hostile environment with each cactus
species having its own cocktail of often toxic chemicals. This environmental pressure
provides the selection pressure needed for the fixing of mutations that increase the fitness
of the population to its respective cactus environment (Heed 1978; Fogleman 2001). In
addition to the environmental pressures, D. mojavensis also has sexual selection pressures
from the sympatric relationship between the Sonoran population and D. arizonae. As
10

only one of the populations has this ongoing sexual selection pressure this leads to
another difference between the populations of D. mojavensis. There is relatively strong
sexual isolation between the Sonoran population and D. arizonae with no hybrids being
found in the wild though hybrids can be produced in the lab setting. Populations of D.
mojavensis that are in allopatry to D. arizonae do not show the same strong sexual
isolation (Massie and Markow 2005). No recent introgression has been found between
any of the four populations and D. arizonae this shows that there is unlikely to be hybrids
forming in the wild. Populations of D. mojavensis also show little evidence of gene flow
between its four populations (Machado et al. 2007). In maintaining the barrier between
species fitness reductions occur with individuals that attempt to breed with the other
species (Knowles and Markow 2001). The most direct example of this is the enlarged
reaction mass that forms in the reproductive tracts of D. mojavensis females that mate
with D. arizonae males. This occurs even in populations that are allopatric to D.
arizonae and can be severe enough to cause the female to become sterile (Knowles and
Markow 2001; Kelleher and Markow 2007).
Population genetics research on individual genes in D. mojavensis has shown
evidence for positive selection. Glutathione S-transferase D1 (GstD1) has been found to
have distinct northern and southern protein alleles between the four populations. This
gene shows a significant difference in the ratio of non-synonymous to synonymous
fixations compared to polymorphisms (Matzkin 2008). GstD1 has been found in other
species to be linked to both detoxification function as well as pesticide resistance (Tang
and Tu 1994). Varying cactus environments are likely to be the cause of this fixation due
to the mutations providing a fitness benefit to members of that population (Matzkin
11

2008). In addition to sequence differences between the populations there is evidence of
expression level differences as well. Running microarrays on flies living on their native
cactus species and comparing them with flies living on an alternative cactus showed
differential expression in 173 genes. The function of these genes seems to mirror those
commonly expected to be under possible positive selection including defense and
metabolism. Genes involved in detoxification pathways were overrepresented, clearly
pointing to the varying cactus toxins causing changes in expression (Matzkin et al. 2006).
A later study also showed not only differences in expression between flies on a native
versus alternative necrotic cactus but decreased viability as well (Matzkin 2012).
1.5 Hypothesis
Taking into consideration the previous work done on D. mojavensis as well as
other species it is expected that the present study should show clear links between the
function of genes under possible positive selection and the selection pressures caused by
the different ecological environments differentially experienced between the host
populations. These results should help to build a better picture of how selection acts on
an organism on the genome-wide level as well as providing insight into the early stages
of speciation.

12

CHAPTER II

METHODS

Fly lines MJBC 155 collected in La Paz, Baja California in February 2001, MJ 122
collected in Guaymas, Sonora in 1998, and MJANZA 402-8 collected in ANZA-Borrego
Park, California in April 2002 were used as the source lines for the sequencing of three
D. mojavensis populations. These lines were highly inbred to reduce the heterozygosity
of their DNA. The flies were grown on antibacterial food, ampicillin 125 µg/ml and
tetracycline 12.5 µg/ml, to prevent the isolation of bacterial DNA in addition to the flies’.
DNA was extracted from homogenized whole flies using a combination of
phenol/chloroform DNA extraction and Qiagen DNeasy spin-columns to achieve the
required amount of DNA material. Four micro liters of 100 mg/ml RNase A was used to
help to reduce RNA contamination. Gel electrophoresis was run on each sample to check
the quality of the extraction. Any samples with RNA contamination were run through a
Qiagen QIAquick PCR Purification Kit spin column to filter contaminates. Extracted
DNA was sent to the HudsonAlpha Institute for Biotechnology Genomic Services Lab for
sequencing. Per line one quarter of an Illumina HiSeq 2500 lane was used to produce
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Table 2.1 List of reference genome scaffolds used for template assembly.

Chromosome

Muller A
Chromsome 1

Muller B
Chromosome 3

Muller C
Chromosome 5

Muller D
Chromosome 4

Muller E
Chromosome 2

Muller F
Chromosome 6

Homologous D.
melanogaster Arm
X
X
X
X
X
X
X
X
X
X
Total Size
2L
2L
2L
2L
2L
2L
2L
2L
2L
Total Size
2R
2R
2R
2R
Total Size
3L
3L
3L
3L
3L
3L
3L
Total Size
3R
3R
3R
3R
3R
3R
3R
Total Size
4
Total Size

Scaffold ID
1786
6308
6314
6328
6359
6473
6482
6541
6657
6660
587
6005
6200
6500
6583
6584
6587
6615
6646
1740
3877
6071
6496
4729
4734
4739
5947
5978
6654
6680
1710
1718
4072
4889
6111
6368
6540
6498
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Size (bp)
4599
3356042
47931
4453435
4525533
16943266
2735782
2543558
3686
7398
34621230
1541
1209
24743
32352404
2108
818
1717
6841
1733
32393114
7530
1968
80338
26866924
26956760
8237
13141
8224
5469
5259
2564135
24764193
27368658
6556
5511
13853
3248
58398
49292
34148556
34285414
3408170
3408170

100 base pair paired-end reads which was predicted to result in 55X coverage of
the genome.
Illumina reads were filtered and trimmed using step one of the A5 Pipeline (Tritt
2012). This step uses SGA (Simpson and Durbin 2012) and TagDust (Lassmann et al.
2009) with the quality scores from the Illumina FASTQ files to reduce the number of low
quality reads. A5 was run on the Dense Memory Cluster of the Alabama Super
Computer Center with four processing cores and 64 gigabytes of memory allocated for
each run. With the reads cleaned they were assembled to the template genome. The
reference genome of the Catalina Island population of D. mojavensis was assembled as
part of the Drosophila 12 Genomes Consortium (2007). Version 1.3 of the reference
genome was retrieved from FlyBase (Marygold et al. 2013). From the reference
sequence, genome scaffolds containing the protein-coding genes were extracted to be
used as a template for the assembly; these scaffolds are detailed in Table 2.1. The
reference templates as well as the Illumina reads were imported into Geneious. Using
Geneious 5.6 (Drummond 2012) and its Map to Reference feature the cleaned reads were
assembled to each of the template scaffolds. Consensus sequences were determined for
each scaffold using the majority setting to limit the number of ambiguities. Gene
annotations from FlyBase Gbrowse were downloaded for each scaffold in GenBank
format (Marygold et al. 2013). These annotations were transferred to each of the new
genomes by aligning each genome scaffold to the reference genome scaffold using
Mauve Genome Alignment (Darling et al. 2004) with default settings except for selecting
assume collinear genomes. After alignment, annotations were transferred from the
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reference to the new assembly. The resulting scaffolds were exported in GenBank
format.
The coding regions for each gene were extracted from the GenBank files using
BioPerl (Stajich et al. 2002). The script bp_extract_feature_seq.pl, which is included as
an accessory script in the BioPerl package, was used to perform the extractions. Using
this script the mRNA annotations were extracted resulting in separate files for each gene
from each population. The files for each gene were concatenated together so that every
gene had a file with the four population’s sequences. The sequences in these files where
aligned using the default settings of the aligner Muscle 3.8.31 (Edgar 2004).
To obtain ω values the software KaKs_Calculator 1.2 (Zhang et al. 2006) was
used. Files of aligned genes were converted to AXT format using the Perl script
parseFastaIntoAXT.pl including in the package. After conversion each gene was run
through the software using the Model Average (MA) method. The Model Average
method is a maximum-likelihood method which takes the average of seven candidate
models of nucleotide substitution detailed in Table 2.2 (Posada 2003). The output files
for each set were concatenated and then imported into Microsoft Excel for filtering.
Values for ω were also calculated using Codeml part of the PAML 4.7 package
(Yang 2007). Aligned genes were converted to PHYLIP format using BioPerl (Stajich et
al. 2002). As PAML requires a phylogenetic tree to be provided for its calculations a
neighbor joining tree was constructed in MEGA 5 (Tamura et al. 2011). This was done
by concatenating all exons from each population and then aligning them using Mauve
Genome Alignment (Aaron et al. 2004). The alignment was converted to MEG format
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Table 2.2 Nucleotide substitution models used by KaKs_Calculator in the model average
method (Zhang et al. 2006; Posada 2003).
Model

Nucleotide Frequency

JC
F81
K2P
HKY
TrNEF
TrN
K3P
K3PUF
TIMEF
TIM
TVMEF
TVM
SYM
GTR

Equal
Unequal
Equal
Unequal
Equal
Unequal
Equal
Unequal
Equal
Unequal
Equal
Unequal
Equal
Unequal

Substitution Rates
rTC = rAG = rTA = rCG = rTG = rCA
rTC = rAG =/ rTA = rCG = rTG = rCA
rTC =/ rAG =/ rTA = rCG = rTG = rCA
rTC = rAG =/ rTA = rCG =/ rTG = rCA
rTC =/ rAG =/ rTA = rCG =/ rTG = rCA
rTC = rAG =/ rTA =/ rCG =/ rTG =/ rCA
rTC =/ rAG =/ rTA =/ rCG =/ rTG =/ rCA

using MEGA and a neighbor joining tree was built using the default settings. The tree
was exported in newick format for use by PAML. Stop codons needed to be removed
from the sequences. This was done using the Transeq program as part of the EMBOSS
package (Rice et al. 2000) to convert the DNA sequences to amino acid sequences.
The BioPerl script ReplaceStopsWithGaps.pl was used to convert stop codons to
gaps by comparing the amino acid alignment with the DNA alignment (Stajich et al.
2002). Using the BioPython PAML module (Talevich et al. 2011), control files were
built for each gene alignment with default values taken except codon frequency was set to
F3x4. Site-class models 7 and 8 were used to calculate the ω values. Model 7 is a null
model with 10 classes which does not allow for positive selection while model 8 adds an
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additional class that allows for positive selection. Both the ω values and log likelihood
values were extracted from each output file and the data was organized in Microsoft
Excel. If model 8 significantly better fits the data this is evidence of positive selection
(Yang 2007). Significance values were found by taking the difference between the log
likelihood values of the two outputs and multiplying them by two. This value was then
input into a chi-square distribution in Microsoft Excel to find p-values for each gene.
Genes with less than five total substitutions as determined by KaKs Calculator (Zhang et
al. 2006) were filtered out and not considered. This was done to help deal with the low
power of these methods when there are very few changes between the populations.
Genes with few changes are more likely to cause the software to either return an
undefined result or to reach the maximum ω the software allows. Histograms of a log
base 2 transformation of the ω values for each test were produced using JMP 10. As
plotted on the histograms (Figure 3.1) a less conservative criteria for a gene being under
positive selection was the 90% percentile. Genes with ω values above this level, 0.50298

Mojave
Sonoran

Baja California

Catalina Island
Figure 2.1 Neighbor joining tree of concatenated exons.
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for MA and 0.61055 for Codeml, were considered to have elevated ω values and thus
show evidence of being under positive selection.
The length of each gene’s coding sequence was extracted from the PHYLIP
sequence headers. This was to determine if genes with higher ω values have significantly
different length as compared to other genes with lower values. Four groups of genes
were determined from each method of calculating ω values as shown in Table 2.3. Ttests were run on each group of genes with box plots also being constructed in JMP 10.
Intron data was extracted from the reference genome annotation using Geneious
5.6 (Drummond 2012). The number of genes with introns was calculated for each of the
groups detailed in Table 2.3. Fisher’s exact test was calculated in JMP 10 to determine if
there was significant difference in the number of genes that contained introns between
genes with elevated ω values and genes with low ω values. Pie charts for each category
were made in JMP 10. For genes that have introns, the number of introns in each was
calculated and then compared using a t-test in JMP 10. Box plots were also produced
using JMP 10.
To determine if ω values were higher in genes on the X chromosome, genes were
split into two groups based on if the scaffold they were assembled from was mapped to
the X chromosome or the autosomal chromosomes as listed in Table 2.1. T-tests were
run using JMP 10 on the log base 2 of the ω values for each of these gene sets and box
plots were generated for each list.
Drosophila melanogaster orthologs for the D. mojavensis genes were retrieved
from FlyBase using Batch Download. Both AAA syntenic orthologs and orthologs in
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Drosophila species (Waterhouse et al. 2011) were used. AAA syntenic orthologs were
used if available; if not the ortholog from the Drosophila inclusive ortholog search was
used instead. Using both lists of orthologs maximized the number of D. mojavensis
genes that could be linked to an ortholog. For comparison and use as a background data
set the precompiled orthologs data file version March 2013 was downloaded from
FlyBase (Marygold et al. 2013) and the orthologs for D. mojavensis were extracted.
To determine if genes with high ω values were more likely to be highly expressed
or have low expression modENCODE RNA-seq data was retrieved from FlyBase using
the RNA-seq search function (Graveley et al. 2010). Gene lists for both less than low
expression and more than very high expression were downloaded for the life stages
embryo, larva, pupa, and adult. Also for both low and very high expression lists were
downloaded for the tissues of imaginal disc, digestive system, central nervous system,
head of mated female, head of mated male, head of virgin female, salivary gland, ovary,
and testis/accessory gland. These genes were compared with D. melanogaster orthologs
that showed possible positive selection in D. mojavensis. The background ortholog list
was also compared to account for the fact that not all genes in D. melanogaster have
orthologs to D. mojavensis. By using the number of genes found to have low or very
high expression for each stage or tissue that have high ω values and comparing this to the
number found in the background set an expected value can be generated. Fisher’s exact
test was run in JMP 10 using the expected and observed values for each type of
expression. Bar graphs of this data were also generated in JMP 10.
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Table 2.3 Groups of ω values from each method and number of genes in each group.

Method of Calculation
KaKs Calculator

Codeml

ω Group

Number of Genes

ω<1
ω>1
ω < 90%
ω > 90%
ω<1
ω>1
ω < 90%
ω > 90%

10939
457
10257
1139
10753
640
10252
1141

Database for Annotation Visualization and Integrated Discovery, or DAVID
(Huang 2009a; Huang 2009b), was used to link D. melanogaster orthologs to a function
or process for that gene. The D. melanogaster orthologs with high ω values in D.
mojavensis and the retrieved background gene list were run using the default settings.
Results from DAVID were then exported to Microsoft Excel. The Gene Ontology (GO)
terms from the April 2013 release (The Gene Ontology Consortium 2000) were then
exported to REViGO (Supek 2011) which was used to help summarize the functional
categories. Both the GO terms as well as the enrichment p-values from DAVID were run
on REViGO using the default settings with the D. melanogaster database selected. One
of the results from REViGO is a tree map of the reduced terms grouped into larger
categories. While this was useful for grouping into secondary categories it was
inconstant between differing data sets. Thus, the secondary groupings were manually
changed using the visualization tool part of AmiGO 1.8 (Carbon 2009) which graphs
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given GO terms showing both precedents and dependents of the input GO terms. The
GO database release of October 5, 2013 was used for this analysis (The Gene Ontology
Consortium 2000). Tree maps were then redrawn with new secondary groupings using
JMP 10.
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CHAPTER III

RESULTS

3.1 Introduction
Results of this study are grouped into two groups: characteristics of genes with
evidence of positive selection and functional groups represented by genes with evidence
of positive selection.
3.2 Characteristics of Genes
Number of cleaned reads and the number assembled to the Catalina Island
reference genome is shown in Table 3.1. All three populations had approximately 88
percent of reads successfully assembled.
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Table 3.1 A5 cleaned reads and assembled reads for each population.
Population

Total Cleaned Reads

Assembled Reads

Baja California

100,263,663

88,224,927

Sonoran

105,723,406

93,193,702

Mojave

83,000,942

73,058,553

Filtered ω values were log 2 transformed from KaKs Calculator and Codeml and
are plotted in Figure 3.1. The transformation of the ω values was necessary to obtain a
normal distribution. The peaks on each end of the distribution are caused by the ω
calculation maxing out on each end. This is caused by either having no synonymous
substitutions or no nonsynonymous substitutions. This figure also shows the 90
percentile ω cut off (dotter line) used as a less conservative definition of evidence of
positive selection.
Comparisons of the length of protein coding regions between genes with elevated
ω values and those without elevated ω values are shown in Figure 3.2. In both methods
and in both over one and over 90 percent categories are shown to be highly significant (P
<0.0001) with protein length being consistently shorter in those genes with evidence of
positive selection.
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Comparisons in the percentage of genes with introns verses genes without introns
are shown in Figure 3.3 for the MA and Codeml method. Significant difference (P
<0.0001) was found in genes with evidence of possible positive selection in the number
of genes without introns. In both methods these genes had more genes with no introns as
compared to genes not under positive selection. For genes with introns the number of
introns is represented in Figure 3.4. In each case t-tests showed significantly (P <0.0001)
fewer introns in genes with evidence for positive selection.
The effect of X chromosome being hemizygous on ω value is shown in Figure 3.5
for the MA and Codeml methods. While the X chromosome does have a slightly higher
raw median ω value, 0.101 for autosome and 0.107 for X with MA method, compared to
the autosomal chromosomes this is not significant in either method. This is consistent
with the Codeml method as well with 0.115 for autosome and 0.125 for X.
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Distribution of ω Values

Number of Genes

a)

Log2 of Ka/Ks

Number of Genes

b)

Log2 of Ka/Ks
Figure 3.1 Histograms of log base 2 transformed ω values using MA method (a)
and Codeml (b).
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Length of Protein Coding Regions

Protein Length

a)

***
***

Protein Length

b)

***
***

Figure 3.2 Box plots of the four ω categories and the coding region lengths of each for
the MA (a) and Codeml (b) methods. (* P < 0.05, ** P < 0.01, and *** P < 0.001)
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Percentage of Genes with Introns
a)

ω>1

35.7%

43.3%
56.7%

64.3%
ω > 90%

***

***

ω<1

19.8%

18.9%

80.4%

81.1%
ω < 90%
b)

ω>1

37.7%

41.3%

62.3%

58.8%
ω > 90%

***

ω<1

19.3%

***

18.7%
81.3%

80.7%
ω < 90%

Figure 3.3 Percentage of genes with (blue) and without (red) introns with MA method (a)
and Codeml (b). (* P < 0.05, ** P < 0.01, and *** P < 0.001)
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Number of Introns in Each Gene

Number of Introns

a)

***

***

Number of Introns

b)

***

***

Figure 3.4 Number of introns per gene in each ω category using MA (a) and Codeml (b)
methods. (* P < 0.05, ** P < 0.01, and *** P < 0.001)
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Comparison of X and Autosomal Chromosomes

Log2 of Ka/Ks

a)

Chromosome

Log2 of Ka/Ks

b)

Chromosome

Figure 3.5 Log base 2 transformation of ω values on the X and autosomal chromosomes
using MA method (a) and Codeml (b). (* P < 0.05, ** P < 0.01, and *** P < 0.001)
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Figures 3.6-3.11 show the number of genes in each life stage or tissue type that
have elevated ω values. In each figure black bars represent the expected value based on
expression for that class of genes (ω > 1 or ω > 90%) across all D. mojavensis genes that
have D. melanogaster orthologs. This compares the number of genes with evidence for
positive selection in each category as compared to the genome wide expectation for that
category showing if positively selected genes are overrepresented in that category.
Generally, genes with high expression are not significantly different than expected and
tend to be lower than the expected values. An exception to this is that embryos have
significantly (MA ω >1 P = 0.049, MA ω > 90% P = 0.002, and Codeml ω > 90% P =
0.004) fewer numbers of genes with high ω values in all but Figure 3.9a. Also the ovary
(MA ω >90% P = 0.0015 and Codeml P = 0.022), central nervous system (MA ω >90%
P = 0.0264 and Codeml P = 0.0264), and head of mated male (Codeml P = 0.049) are
significantly lower than expected. Genes with low expression are overall found to have
significantly higher numbers of genes than expected. Adult fly expression in Figure 3.7a
is not found to be significantly different as well as testis/accessory gland expression in
Figure 3.8b. Figure 3.11b shows only the ovary (P = 0.022) to have higher than expected
numbers of genes. All other groups in this figure show no significant difference and
several times meet or exceed expected numbers.
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Highly Expressed Genes in Each Life Stage
a)

Number of Genes

*

Life Stage
b)

Number of Genes

*

Life Stage
Figure 3.6 Genes per life stage with at least very high expression and elevated ω values
as compared to expected values. ω values using MA method over 1 (a) and in the top
10% (b). (* P < 0.05, ** P < 0.01, and *** P < 0.001)
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Genes with Low Expression in Each Life Stage
a)

**

Number of Genes

**
*

Life Stage

***

b)

***

***

Number of Genes

***

Life Stage
Figure 3.7 Genes per life stage with less than low expression and elevated ω values
compared to expected values. ω values using MA method over 1 (a) and in the top 10%
(b). (* P < 0.05, ** P < 0.01, and *** P < 0.001)
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Expression across Different Tissues

Number of Genes

a)

**
*

Tissue Type

Number of Genes

***

b)

*

***

***

**

***

***

***

Tissue Type

Figure 3.8 Genes in each tissue with either least very high (a) or less then low (b) and
elevated ω values from the MA method compared to expected values. (* P < 0.05, ** P <
0.01, and *** P < 0.001)
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Highly Expressed Genes in Each Life Stage

Number of Genes

a)

Life Stage
b)

Number of Genes

**

Life Stage
Figure 3.9 Genes per life stage with at least very high expression and elevated ω values
as compared to expected values. ω values using Codeml method over 1 (a) and in the top
10% (b). (* P < 0.05, ** P < 0.01, and *** P < 0.001)
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Genes with Low Expression in Each Life Stage

a)

Number of Genes

**

**

**

**

Life Stage
b)

***
***
***

Number of Genes

***

Life Stage
Figure 3.10 Genes per life stage with less than low expression and elevated ω values
compared to expected values. ω values using MA method over 1 (a) and in the top 10%
(b). (* P < 0.05, ** P < 0.01, and *** P < 0.001)
36

Number of Genes

Expression across Different Tissues

*

*

***

Tissue Type

Number of Genes

*

Tissue Type
Figure 3.11 Genes in each tissue with either least very high (a) or less then low (b) and
elevated ω values from the Codeml method compared to expected values. (* P < 0.05, **
P < 0.01, and *** P < 0.001)
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3.3 Functional Groups of Genes
The tree maps shown in Figure 3.12 through 3.15 represent the functions and
processes of D. melanogaster orthologs found to be linked to positive selection in D.
mojavensis. Black labels are the categories assigned by REViGO while the white labels
are categories that were manually assigned using AmiGO Visualize as a guide. The size
of the primary categories is based on the p-values generated by DAVID as an indicator of
the significance of enrichment. Comparison between MA and Codeml results shows and
overall similarity in the primary categories and in the secondary categories. While the
significance of enrichment changes between the two methods the functions and processes
show heavy overlap. Biological processes, shown in Figure 3.12 and Figure 3.14,
contrast the most in the enrichment of developmental processes with Codeml finding this
to be a large category while MA does not. Methylation while found in MA disappears
from the Codeml results. Molecular function results are shown in Figure 3.13 and Figure
3.15 show large similarity between the two methods. Oxidoreductase activity is found in
the Codeml results and is not found in the MA results, this is the largest disagreement.
Also seen in the molecular function results are serine hydrolase activity and serine-type
peptidase activity which in both methods are by far the most significantly enriched genes.
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Figure 3.12 Tree map of biological processes based off the MA 90% list. Box size indicates significance of enrichment.
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Figure 3.13 Tree map of molecular function based off the MA 90% set. Box size indicates significance of enrichment.
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Figure 3.14 Tree map of biological process based off Codeml 90% set. Box size indicates significance of enrichment.
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Figure 3.15 Tree map of molecular functions based off the Codeml 90% set. Box size indicates significance of enrichment.

CHAPTER IV

DISSCUSSION AND CONCLUSIONS

4.1 Introduction
As a whole this study has been successful in using software intended for larger
number of sequences with millions of years of divergence. While there are shortcomings
with this method which will be discussed, the results of this study match well with other
studies using these methods (Larracuente et al. 2008; Clark 2003; Drosophila 12
Genomes Consortium 2007). One of the most significant issues with using a small
number of sequences is the low significance of individual gene ω values as well as Gene
Ontology term enrichment. For the purposes of this study the significance of these has
been reported but has not been used to filter results. As this is a broad study where the
purpose is to get an overview of what genes and functions show evidence of positive
selection all genes and functions are reported regardless of their p-values. Both methods
of calculating ω used in this study, model average and Codeml, showed relatively similar
results across the areas researched in this study. While ω values varied for individual
genes overall trends were similar especially in the more liberal top 10 percent category.
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4.2 Characteristics of genes
Genes with evidence of positive selection with either ω values over one or in the
top 10 percent were assessed for a number of characteristics (Figure 3.2). The length of
the coding regions of these genes was found to be significantly smaller then compared to
the rest of the genome. It is difficult to draw conclusions as to what is the cause of this
difference. In part, the calculations for finding ω seem to calculate lower ω values for
genes with higher numbers of synonymous mutations. Longer genes have more of these
mutations and this may explain in part why genes with high ω values are likely to be
shorter. Additional research using simulations of selection with different size genes
might help to uncover how much the method of calculation is affecting this outcome.
Another aspect of these genes that was investigated was if genes with elevated ω
values had differences in the number of introns (Figures 3.3 and 3.4). These genes were
more likely to lack introns and if there were introns present they were fewer in number.
This is most likely due to the presence of exonic splice site enhancers which help in the
correct removal of introns from the transcription sequence. As mutations in these regions
are more likely to be conserved changes here could cause an intron to not be removed or
part of an exon to be removed instead. This limits the mutations that might fix in these
areas (Blencowe 2000). With the link between intron presence and ω values this may
also help explain why genes with evidence of positive selection tend to be shorter as long
genes are more likely to have introns (Hawkins 1998).
Selection on the X chromosome has been looked at in a number of studies with
somewhat mixed results (Singh and Petrov 2007). In the present study while there was a
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slightly higher median ω for genes on the X chromosome this was not found to be
significant (Figure 3.5). The melanogaster group has been found to show significantly
elevated ω values for genes on the X chromosome (Drosophila 12 Genomes Consortium
2007). It is generally expected that the X chromosome should show faster rates of
evolution due to the reduced population size of this chromosome as it is found in only
three fourths of the overall population. The lack of recombination in males due to having
only one copy of the chromosome is also expected to affect selection on this chromosome
(Singh and Petrov 2007). Another study between Drosophila species D. melanogaster,
D. pseudoobscura, and D. yakuba failed to find evidence of increased protein evolution
on the X chromosome (Thornton 2006). As previous research has been inconclusive, it is
difficult to make any conclusions about the lack of significance found here. It may be
possible that there has not been enough divergence time between these populations for
influences such as effective population size to have a measurable effect.
Expression level of genes with elevated ω values was compared to the overall
genome to see if expression level might be correlated to positive selection (Figures 3.63.11). Across the life stages of the fly as well as in different tissues in general genes with
very high expression either are not significantly different or have significantly lower
numbers of genes with evidence of positive selection than expected. In contrast, genes
with low expression were found to have significantly higher than expected numbers of
genes with elevated ω values. This is expected as shown in yeast studies that expression
level is the most likely determinate of a gene’s evolutionary rate. Research between D.
melanogaster and D. simulans showed a correlation between Ka and gene expression
level. There was no correlation between Ks and expression (Nuzhdin et al. 2004).
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One

reason for this may be that changes to highly expressed genes are more constrained as
nonsynonymous mutations are rarely beneficial and can lead to misfolded proteins which
the cell has to expend energy to remove (Drummond 2005). Other research shows
protein length being linked to expression levels due to the increased efficiency of shorter
genes and as seen in the present study shorter genes have higher ω values (Akashi 2001).
4.3 Functional groups of genes
Out of all functional groups examined in this study, serine hydrolase activity and
serine-type peptidase activity were consistently found to be the most enriched in genes
with evidence of positive selection as compared to the background set. A possible reason
for this high level of enrichment is that serine hydrolases are targets of organophosphorus
toxins. These compounds are often used in pesticides and are found to inhibit serine
hydrolase function in both insects and vertebrates (Casida and Quistad 2005). While the
apparent positive selection on these genes may be directly due to development of
resistances to these pesticides they may also be evolving to deal with the effects of toxic
compounds found in cactus rot. However, there has been little evidence of a link
between cactus rot resistance and resistance to pesticides (Danielson et al. 1996).
Positive selection seems indicated in a wide range of genes dealing with various
metabolic processes. Two possible reasons for this are the varying species of yeast that
the flies feed on and the breakdown of toxic chemicals in cactus rot. The species of yeast
found in cactus rot varies and thus the flies need to have optimized their ability to process
this food source through metabolism (Fogleman 2001). In larvae, a study showed that the
flies prefer to feed on certain species of yeast possibly indicating a specialization that
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might help explain why these genes show evidence of positive selection. Another aspect
of metabolism is the detoxification of chemicals found in cactus rot. As the differing
cactus hosts have different chemical compositions this is an obvious functional area
where positive selection should occur between populations (Heed 1978). Expression
studies have shown that genes involved in detoxification are enriched when flies are not
on their natural host cactus. Fitness costs of living on the foreign cactus have also been
shown to be quite high with those flies having only 40 percent of the viability of those
raised on the native host cactus (Matzkin 2012; Etges and Heed 1987; Etges 1990).
Differences in mating behavior have also been observed with flies raised on foreign
cactus hosts (Etges et al. 2009)
Glutathione S-transferase genes, especially GstD1, are a well researched group of
detoxification genes (Matzkin 2008). However, while three paralogs within this gene
family show evidence of positive selection in this study, GstD1 does not. This group is
not found to be enriched within the loci with elevated ω values. This illustrates an
important limitation of this study as while it can provide a starting point for further
research and help to assess the overall trends in the genome, its power to identify
individual genes that are under selection is quite low. The use of more sequences in the
analysis would likely show agreement with the previous population genetics studies on
this gene. The data from the present study lacks the power needed to show if this gene is
under positive selection with the few number of genome sequences available.
Genes involved in olfaction are represented in a number of different biological
processes and molecular functions that show evidence of positive selection. These affect
all aspects of olfaction from the olfactory receptor to the perception of smell and the
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resulting behavior associated with either food or oviposition site identification. This
selection has been documented between humans and chimps as well (Nielsen et al. 2005).
More specifically in Drosophila there have been links established between the evolution
of these genes and host speciation. In D. sechellia, a specialist species, it was found to be
losing olfactory receptor genes at a faster rate than the generalist species D. simulans
(McBride 2006). This observation is important to the present study as D. mojavensis is a
specialist while, its sister species D. arizonae is a generalist (Reed et al. 2006). As each
cactus species rot contains different compounds and thus has a different headspace there
has been shown to be behavioral differences between the different populations to the
chemicals in the headspace (Date et al. 2013). This difference in behavior may be due to
the possible positive selection shown in this study. However, as specialist species seem
to require fewer olfactory receptors part of this apparent positive selection may in fact be
due to relaxed control of these genes as they are no longer as needed. Eventually some of
these genes may become pseudogenes. Gene expression data could be used to find which
genes are not actively being used and thus under less constraint and possibly
nonfunctional. Evidence of selection involved with olfaction may illustrate the early
stages of speciation being shown in this species. As these populations become more
adapted to their specific host cactus if these populations were to merge it is possible that
the differing host plants may limit the interaction between individuals with different host
preferences causing gene flow to be limited. This could allow the populations to
maintain their genetic isolation due to the different host species. With the many facets of
this showing possible positive selection this area is an interesting candidate for further
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research to help pinpoint which genes are most directly causing the behavioral effects
seen.
As one of the main purposes of this study is to help understand the beginnings of
speciation it is important to consider genes involved in reproduction. While not found to
be overrepresented when comparing genes under positive selection to the overall
genomic background genes in the category, cellular process involved in reproduction,
represent a number of interesting functions including general meiosis as well as
spermatid development. These changes especially spermatid development may play a
role in the development of male sterility seen in hybrids of D. mojavensis and D.
arizonae (Reed and Markow 2004). While there seems to be no postzygotic effects of
sexual isolation within the D. mojavensis populations there is prezygotic isolation to
some extent where each population prefers to mate with members of its own population
(Markow 1991). The evidence of positive selection in the present study on these genes
could show the effect of the recent divergence from D. arizonae or the beginnings of
speciation between the four populations.
Another aspect of reproduction that shows evidence of positive selection is in the
proteins and transcripts that are transferred in the male ejaculate to the female.
Accessory gland proteins (ACP) are found to perform a wide range of functions ranging
from stimulating ovulation and reducing the chance of the female mating with another
male to helping to defend against infections (Wolfner 2002). In flies these proteins are
found to evolve very quickly in species related to D. mojavensis (Almeida and DeSalle
2008). While the rapid evolution of these genes is represented in this study with a
number of ACP genes showing positive selection even with the recent divergence of
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these populations these genes are not included in much of the analysis done in this study .
For function to be analyzed across the genome genes must have an ortholog to D.
melanogaster. Many genes like ACPs that show especially high ω values which would
have diverged so much hindering the ability to identify a D. melanogaster ortholog. For
ω values over 1 only 30 percent of the MA ω > 1 data set had an identified D.
melanogaster ortholog while 36 percent of the Codeml ω > 1 data set did. Due to this,
many genes that show the highest ω values are not considered when looking at what
functions are being selected for because no function can be assigned. In addition to
ACPs being transferred in the ejaculate, gene transcripts have also been shown to be
transferred (Bono et al. 2011). It has been shown in D. mojavensis that there are
expression differences found in the female reproductive tract is different when mating
within species or between species (Bono et al. 2011). This finding as well as the
evidence for some of these genes being under positive selection points to these genes
being involved in the sexual isolation between the two species and may be leading to
further divergence within the four host populations.
4.4 Conclusion
The results of this study correlate well with other studies of genome wide positive
selection analysis especially those done between Drosophila species (Drosophila 12
Genomes Consortium 2007; Larracuente et al. 2008). Both the overall characteristics and
functions of genes with evidence of positive selection were as expected. As the results
presented here are consistent with the results of previous research done on species with
much longer divergence time, this shows that the methods used in this study are
applicable to recently diverged species and populations. By tying genes with evidence of
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positive selection to a function in D. melanogaster many of the genes with elevated ω
values are shown to have roles in areas affected by the microenvironment of the host
cactus. These findings point clearly to natural selection selecting for mutations that give
a fitness advantage. While many of the genes found with evidence of positive selection
may in fact provide fitness benefits, there is no way to confirm without direct studies
using more powerful methods.
Unique to this study is not only the understanding of the ecology of the species
but also that these populations are in the beginning stages of speciation. With the results
of this study being similar to studies between species it can be concluded that the positive
selection seen between species starts to be detectable early on in speciation. This is
evidence that positive selection not only helps to maintain species barriers through
mechanisms like prezygotic isolation but also in creating the initial divergence between
species through host adaptation. While these are important insights, this study also
provides a useful data set for further research on D. mojavensis and its sister species. The
data presented here provides a starting point to help in narrowing down where to look for
genes that might be affecting fitness. While this study by no means tells the whole story
it is an important introductory view into the workings of evolution within this species.
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